INTRODUCTION
Air-conditioning (cooling) for buildings is the single largest use of electricity in the United States (U.S.). This drives summer peak electric demand in much of the U.S. Improved air-conditioning technology thus has the greatest potential impact on the electric grid compared to other technologies that use electricity. Thermally-activated technologies (TAT), such as natural gas engine-driven heat pumps (GHP), can provide overall peak load reduction and electric grid relief for summer peak demand.
GHP offers an attractive opportunity for commercial building owners to reduce electric demand charges and operating expenses. Engine-driven systems have several potential advantages over conventional single-speed or single-capacity electric motordriven units. Among them are variable speed operation, high part load efficiency, high temperature waste heat recovery from the engine, and reduced annual operating costs (SCGC 1998).
Although gas engine-driven systems have been in use since the 1960s, current research is resulting in better performance, lower maintenance requirements, and longer operating lifetimes. Gas engine-driven systems are typically more expensive to purchase than comparable electric motor-driven systems, but they typically cost less to operate, especially for commercial building applications. Operating cost savings for commercial applications are primarily driven by electric demand charges. GHP operating costs are dominated by fuel costs, but also include maintenance costs. The reliability of gas cooling equipment has improved in the last few years and maintenance requirements have decreased (SCGC 1998 , Yahagi et al. 2006 . The natural gas flow, refrigerant flow, and coolant flow rates were monitored by Coriolis mass flow sensors. The natural gas mass flow accuracy 0.06 lb/h. The mass flow accuracies for the refrigerant and water flow meters are ±0.10% and ±0.50%. Temperature probes, rotational speed measuring device, and pressure transducers along with the mass flow sensors were used to monitor GEDAC #23 via a password protected web control-based data acquisition system using Automated Logic Controller (ALC). Heat content (higher heating value) and the composition of the natural gas were obtained daily from the local gas company.
The dry-bulb and dew-point temperatures of the return air were monitored by averaging thermistor (BAPI duct averaging thermistor) and chilled mirror (General Eastern Optica Hygrometer) respectively. The National Institute of Standards and Technology (NIST) traceable chilled mirror sensing technology of the Optica Hygrometer measures dew-point temperature by regulating the temperature of a polished metal mirror by the use of optical feedback such that a constant mass of dew or frost is maintained. The temperature of the mirror is measured with a precise PRTD and is, by definition, equal to the dew or frost point. The Optica chilled mirror sensors provide a measurement range from -112°F to 185°F dew-point with 0.4°F or better accuracy.
The supply air dry-bulb and dew-point temperatures were monitored by averaging thermistor (BAPI duct averaging thermistor) and capacitive humidity sensor (Vaisala humidity sensor/transmitter) respectively. The Vaisala HMT337 warmed probe which provides NIST traceable measurement in near saturation environment.
Fan evaluators (Air Monitor Corporation) were used to monitor the supply air and outdoor flow rates. The fan evaluator is a multi-point, self-averaging Pitot traverse station with integral air straightener-equalizer honeycomb cell, capable of continuously measuring fan discharges or ducted airflow. For the supply air, a 4.5 ft 2 (18" x 36" rectangular) the fan evaluator unit was used with 27" straight-run upstream and downstream of the unit. A differential pressure transducer (Veltron DPT2500-plus, accuracy 0.25% of natural span) calibrated for this evaluator was used to monitor the supply air flow. For the outdoor flow rates from the two fans, two 24" circular ducts (3.14 ft 2 ) Fan evaluator units were used with 24" straight-run upstream of each unit. Two differential pressure transducers (accuracy 0.25% of natural span) calibrated for these evaluators were used to monitor the outdoor air flow rates.
Ohio Semitronics, Inc. (OSI) watt-transducer was used to monitor the total electric power consumption of the GEDAC unit. This included the power used by the indoor blower. The OSI unit is a self-powered 0-5 VDC output for 0-5 kW with accuracy of ±0.5% of full scale.
Sensors used for these measurements and associated accuracies are shown in Table 2 . The required accuracy of the test instrumentation is in accordance with ASHRAE and/or ASME documents (ANSI/ASHRAE 41.1 2006, ASME PTC 19.2 2004 , ANSI/ASHRAE 41.3 1989 , ASME PTC 19.5 2004 , ASHRAE 41.8 1989 . In addition, a web camera was used to observe the outdoor coil particularly during defrost cycle. The uncertainties for capacity and COP values are estimated to be approximately:  2.3 % for capacity (refrigerant side)  3.4 % for COP (refrigerant side)  4.1 % for capacity (air side)  4.8 % for COP (air side) The data acquisition system calculated and displayed important parameters such as the flow rates, capacities, and COP. 
RESULTS
More than one hundred fifty cooling and heating tests were conducted on GEDAC #23 at various ambient conditions in a controlled environment (TAHP Environmental Chambers). These included cooling tests up to 125ºF and heating tests down to 17ºF. The data was available on the web via password protected Web Control and Automated Logic Controller (ALC). Figure 2 shows one of the Web Control graphics used for remote monitoring. In addition, a web camera was installed to monitor the frosting pattern on the outdoor coil of this unit. Both of these devices have been proven successful for remote monitoring.
Performance Evaluation of GEDAC #23
The GEDAC #23 incorporates a Siemens Simatic S7-224XP programmable logic controller (PLC) for implementation of all controls and automation of the unit. Since previous GEDAC prototypes were based on discrete hardwired logic, one area of interest was to determine how well the GEDAC PLC would control the unit. Preliminary tests were conducted to evaluate the effectiveness of the coils (indoor and outdoor coils) and the Programmable Logic Controller (PLC). GEDAC PLC evaluation resulted in several modifications to the control logic to optimize the performance over a wide range of ambient conditions and engine speeds. This included changes to the logic that controls the air-fuel mixture, engine speed for higher heat loads, and logic to implement high pressure avoidance.
After several weeks of operation, the GEDAC lost its ability to run above 2,000 rpm. After in-depth troubleshooting, it was determined that the filter capacitor that is used to provide a stable voltage to the ignition module was faulty. This defect prevented the ignition module from receiving a stable source voltage for its operation. This capacitor failure was caused by excessive charge-discharge cycling of the capacitor through other devices in the same circuit. A replacement capacitor was installed along with a blocking diode that prevents the unnecessary discharge of the capacitor to the other circuit devices. The overall arrangement now produces a more stable DC source voltage for the ignition module.
The PLC makes several temperature and pressure measurements using 0-10 VDC analog input channels. For cost saving considerations, thermistors are used for the temperature sensors. An analog output from the PLC is used as the excitation for these circuits. After numerous tests, it was determined there was an unacceptable degree of difference between chamber temperature measurements and those made by the PLC. Efforts to correct this with alternative methods of curve fitting the thermistor resulted in discrepancies of ±2ºF. It should be noted that the accuracy only needs to be as good as required for the intended control response. 
Thermistor Measurement Implementation in the GEDAC PLC
The GEDAC PLC must monitor several analog input signals in order to perform the intended control functions of the GEDAC. Among these input signals are two thermistorbased temperature measurements and two pressure measurements.
Thermistors were selected due to their low cost, good overall accuracy, and the overall system's tolerance for extremely high and low temperatures. In addition, the GEDAC internal combustion engine is configured by the manufacturer with a thermistor for monitoring coolant temperature.
Previous testing of the PLC using thermocouple inputs for monitoring temperature showed that approach would fail at extremely low temperatures due to sensitivities in the thermocouple module. The thermistor approach did not exhibit any low temperature problems and the overall connection circuit for thermistors is relatively simple to implement.
To implement the temperature measurements with thermistors, the PLC uses a simple series circuit to derive the effective resistance in the thermistor as shown in Figure 3 . Excitation voltage is provided by a PLC analog output which is configured to source +10 VDC continuously. An internal 250 ohm dropping resistor is used as the sensing impedance across the analog input channel set to a 0-5 VDC range. The original method of curve fitting developed by Team Consulting used a resistance mapping curve and a temperature conversion subroutine in the PLC logic. Experimental results indicated this method was acceptable for the coolant thermistor. However, excessive error was observed for the ambient thermistor. This provided motivation to develop an alternative method for the PLC ambient temperature readings.
The approach used by ORNL for the ambient sensor is similar to the method used by Team Consulting for the coolant thermistor. The same circuit was used. Since the thermistor type is a Precon Type II (10K @77ºF) the appropriate resistance table was converted to a numeric table in Excel. An Excel spreadsheet was then used to calculate the effective ADC counts which PLC would use to calculate the temperature over the range of operating temperatures for the thermistor. This count-temperature curve was then analyzed with MATLAB to determine a simple curve fit algorithm that could be implemented in the PLC. The initial approach used a three segment fit with a first order polynomial.
Experimental results for the ORNL algorithm showed excessive difference between the PLC measured temperature and two other measurements produced with the ALC system. Results also varied over time. In an effort to improve the PLC measurement, an external laboratory grade power supply was used to replace the PLC analog output as the excitation source of the thermistor. Experimental results showed some improvement but results still varied over time and the error was more than desired. As a result, a third and final implementation was developed.
The final implementation replaced the 250 ohm drop resistor with one having a value of 1.78 k-ohms (1%). This value of resistance provides close to a 5-volt signal when the thermistor senses 160ºF which is the highest anticipated ambient temperature. The external laboratory power supply was removed from the circuit and the PLC analog output was again used as the excitation source for this implementation.
A new curve fitting algorithm was designed. For this third approach a three-segment fit was chosen using second-order polynomial fit as calculated by MATLAB for the loglog ADC-count versus temperature plot. The segment transition points were selected to be 80 and 160ºF. Figure 4 shows the overall error over the temperature range of the thermistor. Since the expected range of ambient temperatures is not expected to exceed 160ºF, only the lower two segments were implemented in the PLC. The PLC implementation uses natural logs and exponents to implement this curve. The conversion equation is:
Coefficients for the temperature conversion equation are show in Table 4 . Initially, the offset term was set to zero. Experimental results have shown this third approach performs better than all previous approaches. Figure 5 shows a comparison between the PLC thermistor measurement and a reference reading take from the Automated Logic system. Additional experimentation indicated an offset was needed to correct for a negative bias in the excitation voltage source. An offset value of 3.778K, or 6.8ºF, was then added to correct for this bias.
Excitation Accuracy
An excitation source is required for the approach used for measuring temperatures with thermistors with the GEDAC PLC. For minimizing implementation cost, a spare analog output was chosen. This provides a relatively high-quality 10 VDC signal for exciting the thermistor circuit. The alternative would be to use an external power supply at additional cost and complexity.
There are two important constraints one must consider when using a low-cost excitation source such as the PLC's analog output. First the specification on this module states there is a minimum resistance value the analog output can drive and still remain in specification. This minimum resistance value is 5 k-ohms for voltage source output 1 . Another important specification for this module is output accuracy. Vendor documentation 1 indicates the analog output is accurate to ±0.5% of full-scale at 25˚C (77˚F), and ±2 % of full-scale over the wider range of 0-55˚C. Analysis of the range of performance this analog output tolerance would produce is shown in 
Air-Fuel Mixture in the GEDAC PLC
The GEDAC PLC controls both fuel-air mixture and throttle position for the engine by modulating two stepper motors. The implementation allows the PLC logic to determine the exact engine speed and fuel efficiency for any given operating condition. Initial testing of the GEDAC indicated some improvement could be made to how the fuel-air mixture and throttle controls were implemented. Over the course of 4 months, numerous tests were conducted at various operating conditions and for both cooling and heating modes. The interactive nature of the mixture and throttle controls with overall performance required a large number of tests to be conducted. In some cases simple trial and error experimentation was used to determine a set of operating constraints that provided acceptable overall operation of the GEDAC with the desired fuel efficiencies and engine speeds. It should be noted that at this time no experimentation has been conducted to optimize NO X and CO X emissions.
The implementation of mixture control was optimized around three distinct operating temperature ranges. A graphical representation of this is shown in Figure 6 . Under normal conditions there are preset fuel-air mixture values that are used during GEDAC engine startup and initial engine warm-up. Once the engine temperature is within normal operating limits, the fuel-air mixture values are then set based on outdoor temperature and the differential pressure across the compressors. There are two nominal fuel-air mixture offset values that are selected based upon temperature. A simple multiplier is applied to the differential pressure value and added to the offset. This produces a richer value when the outdoor temperature is below 50 or above 100ºF. When the outdoor temperature is within this range, a leaner mixture is produced. This provides for better overall system efficiency and better engine speed stability.
The logic to control engine speed is more complex than mixture control. Engine speed is determined by the mode of operation, the demand setting (i.e., stage), and the differential pressure across the compressors (i.e., for overpressure avoidance).
The flexibility and power of the GEDAC PLC provides significant capabilities for controlling the engine and the overall GEDAC system. It allows radical changes to be easily implemented without impact to wiring or construction because the changes are made in software, not hardware. It also provides robust capabilities to accommodate sophisticated performance and exhaust emissions controls that may be implemented in the future. 
Performance in Cooling Mode
Following modifications to the PLC logic, performance evaluations of GEDAC #23 in Cooling Mode were initiated. Table 1 shows the evaluation plan which followed AirConditioning & Refrigeration Institute (ARI) Standard 340/360 and Underwriters Laboratories Inc. (UL 1995) . Evaluation of the gas engine-driven heat pump unit in cooling mode was completed over a wide range of conditions (engine speeds, outdoor and indoor temperatures, and humidity) including cycling tests at part load ratios (PLR) of 0.25, 0.5, and 0.75 (Table 1 ). Figure 7 shows the cooling performance of GEDAC #23 at high speed of 2,400 rpm. It should be noted that at ambient temperatures above 112ºF the PLC would limit the high speed to 2,200 rpm instead of 2,400 rpm. Gas cooling Coefficient of Performance (COP) goal of 1.2 at ARI steady-state rating condition of 95ºF outdoor (80ºF dry-bulb/60.2ºF dew-point temperatures for indoor) with capacity of 129,617 Btu/h (10.8 RT) was achieved at high engine speed of 2,400 rpm. Figures 8-9 show the cooling performance at intermediate (2,000 rpm) and lowest speed (1,400 rpm). Additional cooling test was also performed at engine speed of 1,650 rpm (Figure 10 ). Thermal images of the outdoor coils at 110ºF outdoor temperatures showed fairly uniform distribution over the face of the coils (Figure 11 ) confirming the results of the CFD model.
Energy balance (Q input = Q output ) was also conducted using the following equations (assuming that the heat losses or heat gain caused by radiation and convection are negligible): Measured values were used to determine the above-mentioned total energy input and output with the assumption that 80% of the total outdoor air flow goes through the outdoor coils. The largest absolute percent difference was approximately 10% and the lowest was approximately 1% with average value of 5%. It should be noted that the capacities were based on the refrigerant side (more accurate readings from the refrigerant mass flow meter than the indoor air flow and dew-point temperature readings). 
Performance in Heating Mode
Evaluation plan in heating mode followed ARI Standard 340/360 (Table 2) . Evaluation of the gas engine-driven heat pump unit in heating mode was completed over a wide range of conditions (engine speeds, outdoor and indoor temperatures, and humidity) including cycling tests at part load ratios (PLR) of 0.25, 0.5, and 0.75 (Table  2 ). Figure 12 shows the performance of GEDAC #23 at high speed of 2,400 rpm. Gas heating COP of 1.4 with capacity of 129,394 Btu/h at ARI steady-state rating condition of 47ºF outdoor was achieved at high engine speed of 2,400 rpm. The largest absolute percent difference between Q input and Q output was approximately 15% and the lowest was approximately 1% with average value of 7%. As expected, the percent differences in the heating case are larger than the cooling case due to all the additional calculations discussed above. It should be noted that the capacities were based on the air side (no refrigerant flow measurements were obtained at all engine speeds due to the presence of two-phase flow). 
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Evaluation of the Defrost Cycle Defrost cycle was also evaluated at 35ºF outdoor dry-bulb (DB) temperatures (Table  1) at high speed of 2400 rpm. GEDAC #23 is currently using a demand defrost method integrated into the PLC logic to avoid unnecessary defrost cycles. GEDAC #23 uses the hot gas bypass defrosting system (heat of the pressurized refrigerant is used for defrosting via a bypass loop around the indoor coil) (Byczynski and Reed 1991) . The bypass loop is activated via a solenoid valve that opens when the pressure drop across the outdoor coil goes beyond 0.20" WC (initially this was set for 0.31" WC) with hot refrigerant being injected before the TXVs. To measure the pressure differential, caused by the frosting, two identical open ended copper tubes were placed as close as possible to the location of the pressure readings for GEDAC pressure switch. These tubes were connected with equal length of plastic tubing to an Omega Differential Pressure Transmitter Model PX653 scaled at 0-2" WC. The transmitter was factory calibrated and NIST traceable at 25, 50, 75 and 100% Full scale (FS) with accuracy of 0.25% FS.
The initial design of the defrost cycle (injecting the bypassed refrigerant before the TXVs) did not provide adequate heat to defrost the coils. This bypass was modified to inject the refrigerant after the TXVs via two capillary tubes 0.0640" x 10". This system provided enough heat to keep the coils free of visible frost and maintaining the pressure drop around 0.2" WC. Figure 15 
EnergyPlus Modeling
The test plan included conditions required to obtain appropriate correlations for gas engine-driven heat pump model in the EnergyPlus. EnergyPlus is a building energy simulation program for modeling heating, cooling, and other energy use in buildings. Parametric requirements for gas engine-driven heat pump model in EnergyPlus are: The cycling tests were performed for both heating and cooling (Tables 1 and 2) . Tables 4-6 show the fitted constants for Cap, EIR, and available waste heat at different engine speeds. Table 7 The experimental data used for the above-mentioned capacity, EIR, and available waste heat modifier models are shown in Tables 8-14 (it should be noted that the temperatures were converted from ºF to ºC for the models). The indoor blower power consumptions at low-and high-speeds were measured to be approximately 0.3 kW (approximately 2,000 scfm) and 1.5 kW (approximately 4,000 scfm), respectively. Table 14 . Experimental data used for the model in heating mode, at high engine speed (2,400 rpm) * Rated condition used to normalize capacity, EIR, and waste heat curves.
CONCLUSIONS AND RECOMMENDATIONS
Overall, GEDAC #23 unit achieved the performance goals in both heating and cooling modes of operation. Gas COP in cooling mode was found to be approximately 1.2 with capacity of 129,617 Btu/h (10.8 RT) at 95ºF ARI steady-state rating condition. Thermal images of the outdoor coils showed fairly uniform distribution over the face of the coils confirming the results of the CFD modeling.
Gas heating COP was found to be approximately 1.4 with capacity of 129,394 Btu/h at 47ºF ARI steady-state rating condition at high engine speed of 2,400 rpm. The results of this performance evaluation were used to develop a gas engine-driven heat pump model for the EnergyPlus (building energy simulation program). This model will be incorporated in the next official release of EnergyPlus in April 2008.
The hot gas bypass defrosting circuit provided adequate heat to defrost the coils. This defrost cycle was initiated when the pressure drop across the outdoor coil went beyond 0.2" WC (demand defrost coded into the PLC).
Recommendations on future work to improve the "next-generation" GEDAC units include:  Addition of an oxygen sensor on the engine exhaust that could be used by PLC to adjust the air/fuel mixture to achieve the desire oxygen content in the flue.  Evaluate a single outdoor coil instead of current two coil system of GEDAC #23 to make the configuration less complex and eliminate at least one TXV. In addition, this would allow the outdoor fans to be used for keeping the engine compartment temperature <150ºF.  Provide additional louvers on the engine compartment for air circulation to keep the engine compartment and the coolant pump temperatures <150ºF.  Moving the solenoid valves for the oil return (potentially a high maintenance item) closer to the access panel.  Evaluate the potential benefits of variable speed blower for better control of the air delivery temperature to the conditioned space.  Once the defrost cycle is activated, recommend to keep the solenoid on the bypass loop activated for a minimal period of 10 minutes for more complete defrost. 
